The C. elegans heterochronic genes program stagespecific temporal identities in multiple tissues during larval development. These genes include the first two miRNA-encoding genes discovered, lin-4 and let-7. We show that lin-58 alleles, identified as lin-4 suppressors, define another miRNA that controls developmental time. These alleles are unique in that they contain point mutations in a gene regulatory element of mir-48, a let-7 family member. mir-48 is expressed prematurely in lin-58 mutants, whereas expression of mir-241, another let-7 family member residing immediately upstream of mir-48, appears to be unaffected. A mir-48 transgene bearing a lin-58 point mutation causes strong precocious phenotypes in the hypodermis and vulva when expressed from multicopy arrays. mir-48::gfp fusions reveal expression in these tissues, and inclusion of a lin-58 mutation causes precocious and enhanced gfp expression. These results suggest that lin-58 alleles disrupt a repressor binding site that restricts the time of miR-48 action in wildtype animals.
Introduction
The heterochronic genes of C. elegans are global temporal regulators that specify the proper timing and sequence of several events during larval development (reviewed in Rougvie, 2001). These events include behaviors of hypodermal seam cells, which divide in stage-specific patterns until the final (L4) molt, when they terminally differentiate. Mutations in heterochronic genes cause seam cells to adopt temporal identities normally restricted to a different life stage, resulting in omission or reiteration of stage-specific division patterns. Most of these genes can be broadly classified as components of an "early timer" that directs successive We previously isolated lin-58 alleles as suppressors of the lin-4 retarded hypodermal phenotype. On their own, lin-58 mutants are similar to wild-type in overall appearance, but they have a weak precocious hypodermal phenotype (Abrahante et al., 1998) . We demonstrate here that this phenotype is due to precocious expression of miR-48. These results define a heterochronic role for mir-48, and they identify a regulatory element through which the timing of miR-48 accumulation is controlled. 
Results

lin-58
Alleles Contain miRNA Gene Regulatory Mutations lin-58 maps to an approximately 1.2 cM interval of linkage group V between him-5 and unc-76 (Abrahante et al., 1998). Two miRNAs of the let-7 gene family, mir-48 and mir-241, reside in tandem within this region (Lau et al., 2001; Lim et al., 2003) , raising the possibility that these miRNA genes might harbor the lin-58 mutations. Sequence analysis revealed that the mature mir-48 and mir-241 miRNAs, and their pre-miRNAs, were wild-type in lin-58 mutant animals. However, these lin-58 alleles could contain gene regulatory mutations, a tantalizing possibility given the semidominant nature of the stronger allele, ve33 (Abrahante et al., 1998). Indeed, sequence analysis of flanking regions, including the 1.7 kb between the two miRNA coding regions, identified a distinct point mutation in each allele. These two independent point mutations were 3 bp apart and were located within a GC-rich inverted repeat approximately 210 bp upstream of the miR-48 coding sequence and 1540 bp downstream of the miR-241 coding sequence ( Figure  1A ). These mutations were not simply strain polymorphisms; they were not present in the parental strain used for the mutagenesis, nor were they present in three independent mutants isolated from the same screen (data not shown). Rather, they are likely to be miRNA gene regulatory mutations, the first, to our knowledge, such point mutations to be identified from a genetic screen.
miR-48 Accumulates Precociously in lin-58(ve33) Mutants
The precocious phenotype of lin-58 mutants (Abrahante et al., 1998) suggests that the ve12 and ve33 lesions disrupt a negative regulatory element, resulting in premature expression of mir-48 and/or mir-241 and the consequent early downregulation of their target genes. To test this hypothesis, we performed developmental Northern blots of total RNA isolated from synchronously staged populations of mutants bearing the stronger allele, ve33, versus wild-type. The 23 nt mature miR-48 and its w60 nt precursor were readily detected at 18 hr postembryogenesis (and weakly at 12 hr) in two independently staged populations of wild-type animals ( Figures 1B and 1C) . In contrast, these RNAs were detected at 6 hr in RNA samples isolated from ve33 mutants, a time at which miR-48 was undetectable in wildtype. miR-48 was also detectable in ve33 L1 animals synchronized by starvation prior to exposure to food (i.e., at time "0"; Figure 1B ). When quantitated relative to U6 snRNA loading controls, miR-48 expression was at least 2-fold to 6-fold higher in ve33 animals relative to wild-type at 0, 6, and 9 hr (see Experimental Procedures). The mir-48 pre-miRNA was detected at 12 hr in ve33 mutants in a ratio to mature miR-48 that was similar to that of wild-type at the same stage. This result suggests that pre-miR-48 processing was not compromised by the ve33 lesion.
Reprobing of the Northern blots for miR-241 showed little, if any, difference in miR-241 accumulation relative to wild-type ( Figures 1B and 1C) , suggesting that mir- As an additional control, the blot in Figure 1C was probed for the lin-4 miRNA, which acts upstream of lin-58 in the heterochronic gene pathway (Abrahante et al., 1998) and should thus be unaffected by lin-58 mutation. Its temporal expression profile was not accelerated by the ve33 lesion. Thus, the observed temporal shift in miR-48 accumulation in ve33 mutants relative to wildtype was not due to a lack of developmental synchrony in the nematode populations. Rather, mir-48 expression was precocious in lin-58 mutants.
Overexpression of mir-48 in Transgenic Animals Causes Precocious Seam Cell Phenotypes
To further test the effects of the lin-58(ve33) lesion on expression from the mir-48/mir-241 locus, we assayed the phenotypes of transgenic animals bearing PCRamplified genomic fragments or plasmid subclones ( Figure 2A ) from either wild-type or lin-58(ve33) mutant DNA. Three stage-specific events were monitored for heterochronic defects in the hypodermis: seam cell fusion and adult cuticular alae synthesis, which normally occur at the end of the L4 stage during the transition to the adult, and an earlier event, the execution of the proliferative "S2" seam cell division, which follows the L1 molt in wild-type animals (see Figure 2F ; Ambros and Horvitz, 1984) . When assayed by seam cell fusion, three of four transgenic lines bearing the amplified wtA fragment (or its plasmid clone pR56), which encompasses both miRNAs, showed no precocious seam cell fusion at the L3 molt (n R 20 for each line; Figure 2C ; Table S1 ; see the Supplemental Data available with this article online). A low level of precocious fusion was observed in the fourth line (3%), as might be expected due to overexpression of the wild-type locus from multicopy arrays. In contrast, the seam cell fusion phenotype was dramatically enhanced, to nearly 100% penetrance, by inclusion of the ve33 lesion in the construct (ve33A ; Figure 2D ; Table S1 ). This finding is consistent with this mutation causing precocious miRNA expression. Precocious alae formation was also observed in animals containing wtA or ve33A arrays (Table 1; Figures 2H and  2I) . Animals transgenic for ve33A had a stronger phenotype than that caused by the ve12 and ve33 alleles; although still often not full-length, the precocious alae were more robust and distinct, consistent with enhanced expression from multicopy arrays. Finally, the proliferative S2 division executed by a subset of seam veIs51 animal. P5.p and P7.p had also divided in this animal, but their lineages were not followed. Vulva morphogenesis in L3 moltstage wild-type (L) and veIs51 (M) animals. Vulva formation is advanced in veIs51, and invaginations are often abnormal. Pseudovulval invaginations are also sometimes seen (line). cells following the L1 molt was often skipped in animals bearing ve33A arrays relative to wtA, resulting in a lower seam cell number in adults ( Figure 2G ; Table S1 ). This result suggests that targets of miR-48 and/or miR-241 act in the early timer to specify this event. Analysis of deletion constructs and shorter PCR fragments indicated that mir-48 misexpression was the key factor in the precocious hypodermal phenotypes produced in these transgenic animals. Removal of mir-241 did not appreciably alter the precocious alae phenotype and had little effect on seam cell number (PCR product C, pR67; Table 1; Table S1 ; Figure 2G ). In contrast, deletion of mir-48, including a 23 bp deletion of the mature miR-48 coding sequence, resulted in little or no phenotype when assayed in transgenic animals (PCR product B, pLM47, and pLM48; Figures 2E and 2G; Table 1; Table S1 ).
Integration of extrachromosomal arrays bearing ve33A or ve33C into the genome to obtain strains that stably transmit the transgene array (veIs40, veIs48, veIs49, and veIs51 in Table 1 ) resulted in enhanced penetrance of the precocious alae phenotype, with 100% of animals synthesizing adult cuticle at the L3 molt. Moreover, three of these strains synthesized adult cuticle at the L2 molt, two stages earlier than in wild-type (Table 1; Figure 2H ). One of these strains, veIs48, lacked mir-241, indicating that mir-48 misexpression was also sufficient to confer this precocious phenotype. 
Multicopy Arrays Containing mir-48 Cause Precocious Division of Vulva Precursor Cells
(P-R) mir-241::gfp is expressed in a variety of cell types as indicated for the (P) L3 and (R) L2 stages. (Q) is the Nomarski DIC image corresponding to (P). The bar in (B) is 10 m and applies to all panels except (J) and (O); the bar in (J) is 20 m.
Stage-nonspecific expression was observed in unidentified neurons in the head, tail, and ventral nerve cord for both mir-48 and mir-241 constructs.
48(ve33):
:gfp expression in these tissues was stronger than that of mir-48::gfp and was consistently detected one stage earlier, in L3 larvae, with occasional seam expression detected in L2-stage animals. This change in timing and amplitude of gfp expression was not likely to reflect a difference in copy number between the strains because the results were consistent across multiple, independent transgenic lines (five for wild-type and four for ve33; data not shown). Although expression levels varied somewhat between lines generated with the same construct, expression of the wild-type construct was never detected in the L3 hypodermis, even when lines matched for RID expression levels were compared. Enhanced and precocious expression was also observed when the 11 bp GC-rich inverted repeat was replaced by an AT-rich sequence (GGG CGCCGCCC / ATTTATTATAA). Thus, the observed phenotypes of lin-58(ve33) mutants, and mir-48 overexpression in transgenic worms, were due to temporal rather than spatial misexpression.
Multiple, independent assays, including phenotypic and Northern blot analysis of lin-58 mutants, multicopy mir-48 expression, and mir-48::gfp fusion analyses, all indicated that the GC element temporally controls miR-48 accumulation; its mutation shifted expression to earlier developmental times. However, there was a discrepancy in the time of first appearance of the GFP signal versus mir-48 expression detected by Northern blot analysis. The reason for this difference is unclear, but it may be that additional transcriptional control elements were missing from the constructs. The gfp fusions assayed did contain sufficient 5# sequences to produce a mir-48 misexpression phenotype when present in a genomic DNA construct (pR67; Figure 2A ; Table  1 ). Therefore, control elements missing from the gfp fusions might reside within or downstream of the sequences encoding the miR-48 stem loop. Regardless, the presence of the ve33 lesion had a consistent effect in four different assays: it caused precocious mir-48 expression, suggesting that the GC element defines a repressor binding site.
mir-241::gfp Expression Is Largely Distinct from mir-48::gfp
A mir-241::gfp fusion containing 1.3 kb 5# to the miR-241 coding sequence resulted in a temporally regulated, but largely spatially distinct, expression pattern from that of mir-48 (Figures 3P-3R) . Notably, hypodermal expression was not consistently observed. Bodywall muscle expression was first detected in L2-stage animals and continued to the adult stage. In the L3 stage, expression was detected in the excretory canal and the distal tip cells, and strong vulval expression was observed during the L4 stage. No expression was observed in mir-241(D)::gfp, which retains 0.73 kb of 5# sequence, indicating that regulatory sequences are present further upstream than for mir-48.
mir-48 Overexpression Partially Suppresses let-7(lf)
let-7 loss-of-function causes a retarded hypodermal phenotype in which animals synthesize larval-type, rather than adult-type, cuticle during the fourth molt; animals then die by bursting at the vulva prior to producing progeny (Reinhart et al., 2000) . Because the hypodermal phenotype is essentially opposite from that of mir-48(gf), we examined the phenotype of veIs51 let-7(mn112) animals. The retarded hypodermal phenotype associated with loss of let-7 function was suppressed at the L4 molt (Table 1) , and lethality decreased from 100% for let-7 alone to 20% for veIs51 let-7 animals (n = 20). One possible interpretation of these results is that mir-48 and let-7 miRNAs share at least some targets during larval development and that overexpression of mir-48 can compensate for loss of let-7 activity. At earlier stages, precocious phenotypes caused by mir-48(gf) were still observed; however, the absence of let-7 from the veIs51 background lessened the effect of mir-48 overexpression, indicating that let-7 functions in the L2-stage seam (Table 1 ). This decrease in phenotype severity also suggests common targets for these miRNAs.
Discussion
We demonstrate that mir-48, a member of the let-7 miRNA family, acts in the heterochronic gene pathway to time cell fate decisions in the hypodermis and vulva. The lin-58 mutations described here appear to reveal a negative regulatory element that prevents mir-48 accumulation until the proper time during the mid-to-late L1 stage. Intriguingly, the 11 bp inverted repeat disrupted by lin-58 mutations (Figure 1 ) spans a 7-8 bp match to a computationally identified consensus motif (5#-CTCCGCCC-3#; underlined residues are mutated in lin-58 alleles) found 5# to most worm miRNA genes that are independently expressed (Ohler et al., 2004) . A perfect match to this sequence also resides another w500 bp upstream. The functional significance of the motif, and whether it relates directly to the repressive element defined by lin-58 lesions, is as yet unclear. Replacement of the entire 11 bp inverted repeat in mir-48::gfp with the AT sequence had the same effect upon GFP expression as did insertion of the ve33 point mutation; it resulted in enhanced and precocious expression, indicating that the GC repeat is not required for mir-48 transcriptional activation. In addition, the lin-58(ve33) and lin-58(ve12) point mutations cause precocious accumulation of miR-48, but do not appear to interfere with the processing of pre-miR-48 ( Figures 1B and 1C) , suggesting that the site is not required for recruitment of RNA processing machinery. Thus, our data are consistent with a model in which the lin-58 lesions disrupt a repressor binding site that acts to restrict the timing of microRNA action.
Experimental Procedures
Nematode Strains Worm strains were grown at 20°C by using standard methods (Sulston and Hodgkin, 1988). veIs51 arose spontaneously, whereas veIs40, veIs48, and veIs49 were generated by γ-irradiation. veIs51 let-7(mn112) unc-3(e151) animals were generated as described in the Supplemental Data. let-7(mn112) is a null allele (Reinhart et al., 2000).
Test DNAs and Microscopy
Oligonucleotide sequences used and cloning details are given in the Supplemental Data. pR56 contains the wtA PCR fragment cloned into pCRII (Invitrogen) and confirmed by sequencing. pR58 was derived from pR56 by substituting a fragment containing the ve33 lesion, and pLM45 contains an additional 0.54 kb upstream of mir-241. The QuikChange XL Kit (Stratagene) was used to make the 23 bp miR-48 coding region deletion in pLM48 and the AT replacement in mir-48(AT)::gfp. gfp constructs were generated in pPD95.67 and injected at 50 ng/l. Microscopy was performed with a Microphot-FXA (Nikon, Inc., Melville, NY) equipped with differential interference contrast and fluorescence optics. Images were captured with a DVC-1300 camera and were analyzed with DVC C-View 2.1.
Northern Blot Analysis
To synchronize worm cultures, embryos were isolated from gravid adults by hypochlorite treatment. After hatching in M9, worms were plated at low density on NGM plates seeded with E. coli OP50, and they were allowed to develop for the indicated times. Total RNA was isolated by using Trizol, and w20 g per lane was analyzed by Northern blot as described (Lau et al., 2001 ). Probes were radiolabeled DNA oligos, and blots were quantified by using phosporimaging (Multi Gauge, Fujifilm), normalizing the counts for each band to the U6 loading control (see Tables S2 and S3 ). For signals below the detection limit (e.g., the miR-48 in N2, 6 hr), an upper limit was estimated based on the number of counts corresponding to bands just above the detection limit (e.g., the pre-miR48 band in lin-58, 32 hr). Thus, the calculation that miR-48 accumulation was 2-to 6-fold higher than wild-type in the 0, 6, and 9 time points was a conservative estimate.
Supplemental Data
Supplemental Data including Northern quantitation, seam cell phenotypes caused by mir-48 arrays, and additional details on Experimental Procedures are available at http://www.developmentalcell. com/cgi/content/full/9/3/415/DC1/.
